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,QWURGXFWLRQ
$KROLVWLFV\VWHPVWKHRU\SHUVSHFWLYHORRNVDWWKHGHVLJQRIODUJHVFDOHGLVWULEXWHGV\VWHPVWKURXJKWKHOHQVRID
³GHVLJQ VSDFH´ LQYROYLQJ IXQGDPHQWDO WUDGHRIIV EHWZHHQ ( Efficiency PHHWLQJ TXDQWLWDWLYH REMHFWLYHV ZLWK
PLQLPDOXVHRIUHVRXUFHV5 RobustnessPDLQWDLQLQJHIILFLHQF\GHVSLWHGLVWXUEDQFHVDQGFRPSRQHQWXQFHUWDLQW\
$ Adaptation WKHDELOLW\ WRDGDSW WRFKDQJLQJ V\VWHPFRPSRQHQWV DQGREMHFWLYHV 9 Verification SURYLGLQJa 
prioriJXDUDQWHHV DV IRUPDOO\DVSRVVLEOHRISHUIRUPDQFH DQG 6 Scalability WKHDELOLW\ WR VFDOH WKHGHVLJQDQG
LPSOHPHQWDWLRQWRDUELWUDULO\ODUJHV\VWHPV
$VLWVWDQGVDOWKRXJKWKHVHPHWULFVDUHIDLUO\ZHOOXQGHUVWRRGLQGLYLGXDOO\WKHLUFRPELQDWLRQLVXVXDOO\GRQHLQD
VHULDO PDQQHU RIWHQ WKURXJK OD\HULQJ WKLV LV HVSHFLDOO\ WUXH LQ DHURVSDFH DQG LQIRUPDWLRQ WHFKQRORJ\ UHODWHG
DSSOLFDWLRQV0DQ\RIWKHJUHDWWKFHQWXU\V\VWHPWKHRULHVLQFRPSXWLQJFRQWURODQGFRPPXQLFDWLRQVVXSSRUWLQ
OLPLWHGZD\VWKHOD\HUHGVHSDUDWLRQRIWKHVHREMHFWLYHVEXWWKHRYHUDOOSURFHVVLVVWLOOODUJHO\DGKRF7KHJRDORI
RXUZRUNLVWRGHYHORSIXQGDPHQWDOWKHRULHVWKDWDLPWRH[SODLQWKHVHWUDGHRIIVEHWZHHQSHUIRUPDQFHPHWULFVDQGLQ
SDUWLFXODU WKDW DOORZ WKH GHVLJQHU WR GLVWLQJXLVK EHWZHHQZKLFK ERXQGV DUH WUXH KDUG OLPLWV RQ SHUIRUPDQFH DQG
ZKLFKDUHVLPSO\V\PSWRPDWLFRIDSRRUO\FKRVHQDUFKLWHFWXUH,QWKHFRQWH[WRIELRORJLFDOV\VWHPVZHKDYHEHHQ
DEOHWRSURYLGHDGHHSXQGHUVWDQGLQJRIKRZ5DQG(LQWHUDFWE\OHYHUDJLQJWRROVIURPUREXVWFRQWUROWKHRU\DQG
ZHEHOLHYHWKHVHLQVLJKWVWREHIXQGDPHQWDO
,QWKLVSDSHUZHVHHNWRH[WHQGWKHVHLQVLJKWVWRDSDUWLFXODUFODVVRIGLVWULEXWHGV\VWHPVNQRZQDVcyber-physical 
systems &36 VHH )LJ   6XFK GLVWULEXWHG V\VWHPV DUH FRPSULVHG RI VHYHUDO VXEV\VWHPV WKDW LQWHUDFW LQ WZR
GLVWLQFWEXWLQWHUGHSHQGHQWZD\Vphysical interactionsLHKRZHDFKORFDOVXEV\VWHPDIIHFWVLWVQHLJKERUVDQG
cyber interactionsLHWKHVHQVRUVDFWXDWRUVDQGFRPSXWHUVFRQWUROOLQJWKHVHVXEV\VWHPVDQGWKHQHWZRUNRYHU
ZKLFK WKH\ FRPPXQLFDWH DQG FRRUGLQDWH  %HIRUH GHOYLQJ LQ WR KRZ WKH ILYH SHUIRUPDQFHPHWULFV WKDW ZH KDYH
PHQWLRQHG LQWHUDFW LQ D GLVWULEXWHG VHWWLQJ ZH WDNH VRPH WLPH WR SRLQW RXW VRPH RI WKH LQKHUHQW FKDOOHQJHV RI
DGGUHVVLQJWKHVHPHWULFVLQGLYLGXDOO\DQGKLJKOLJKWVRPHRIWKHSURJUHVVWKDWKDVEHHQPDGHLQWKHSDVWGHFDGHLQ
WKLVUHVSHFW


)LJ$F\EHUSK\VLFDOV\VWHPLVFRPSULVHGRIWZRGLVWLQFWLQWHUDFWLRQVSK\VLFDODQGF\EHU
:H EHJLQ ZLWK D IRFXV RQ 6 ZKLFK LV WKH VXEMHFW RI distributed optimal control theory  7UDGLWLRQDO RU
FHQWUDOL]HGFRQWUROWKHRU\LVLQJHQHUDOQRORQJHUDSSOLFDEOHWRODUJHVFDOHV\VWHPVDVLWDVVXPHVDFHQWUDOFRQWURO
XQLWWKDWFROOHFWVall VHQVRUGDWDFRPSXWHVDJOREDOFRQWURODFWLRQDQGWKHQEURDGFDVWVWKLVFRQWURODFWLRQRXWWRall 
DFWXDWRUV7KLVTXLFNO\EHFRPHVERWKFRPSXWDWLRQDOO\LQWUDFWDEOHWKHFRPSXWDWLRQDOFRVWRIWKHVHVROXWLRQVVFDOHV
SRRUO\ ZLWK WKH GLPHQVLRQ RI WKH V\VWHP DQG XQGHVLUDEOH LQ WHUPV RI SHUIRUPDQFH DV WKH FROOHFWLRQ RI
PHDVXUHPHQWVEURDGFDVWLQJRIFRQWURODFWLRQVLQYDULDEO\LQWURGXFHVdelay LQWKHFRQWUROOHU7KHQDWXUDOVROXWLRQLV
WKHQWRKDYHDGLVWULEXWHGFRQWUROV\VWHPLQZKLFKHDFKORFDOVXEV\VWHPLVHTXLSSHGZLWKLWVRZQFRQWUROOHUDQGLQ
DGGLWLRQ GHOD\ FRQVWUDLQHG FRPPXQLFDWLRQ LV DOORZHG EHWZHHQ WKHVH FRQWUROOHUV LW LV IURP WKLV GLVWULEXWLRQ RI
FRQWURODXWKRULW\WKDW&36HPHUJH
8QIRUWXQDWHO\ LQ JHQHUDO RSWLPL]LQJ WKH SHUIRUPDQFH RI D GLVWULEXWHG V\VWHP FDQ EH YHU\ GLIILFXOW LH QRQ
FRQYH[DQGKHQFHFRPSXWDWLRQDOO\LQWUDFWDEOHFIWKH:LWVHQKDXVHQFRXQWHUH[DPSOHIRUDFDQRQLFDOLOOXVWUDWLRQ
,WLVRQO\UHFHQWO\WKDWDODUJHFODVVRIV\VWHPVIRUZKLFKWKHRSWLPDOV\QWKHVLVSUREOHPDGPLWVDFRQYH[DQGKHQFH
WUDFWDEOHIRUPXODWLRQKDVEHHQLGHQWLILHGWKHVHV\VWHPVDUHVDLGWRVDWLVI\Dquadratic invariance 4,SURSHUW\,Q
WKHFODVVRI&36WKDWZHFRQVLGHUWKLVFRQGLWLRQWDNHVDSDUWLFXODUO\VLPSOHIRUPLWUHTXLUHVFRQWUROOHUVWREHDEOHWR
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FRPPXQLFDWHZLWKHDFKRWKHUIDVWHUWKDQG\QDPLFVSURSDJDWHWKURXJKWKHSK\VLFDOLQWHUDFWLRQWRSRORJ\RIWKHSODQW
7KHLQWXLWLRQEHKLQGWKLVFRQGLWLRQLVWKDWDOOLQFHQWLYHIRUFRQWUROOHUVWRVLJQDOHDFKRWKHUWKURXJKWKHSK\VLFDOSODQW
PXVWEHUHPRYHGLQWKLVZD\DFOHDUVHSDUDWLRQRIWKHFRQWURODQGFRPPXQLFDWLRQOD\HUVLVPDLQWDLQHGOHDGLQJWRD
WUDFWDEOHGHVLJQSUREOHP
:KHQ WKHVH FRQGLWLRQV KROG LW WKHQ EHFRPHV SRVVLEOH WR V\QWKHVL]H RSWLPDO FRQWUROOHUV WKDW UHVSHFW WKH
FRPPXQLFDWLRQFRQVWUDLQWVRIWKHV\VWHP6LPLODUO\UHFHQWUHVXOWVDUHDOVRPDNLQJSURJUHVVZLWKUHVSHFWWR5LQ
WKLVVHWWLQJ+RZHYHUUHFDOOWKDWWKHXQGHUO\LQJPRWLYDWLRQIRUGLVWULEXWHGFRQWUROLVWKDWFHQWUDOL]HGVFKHPHVDUHQRW
IHDVLEOHLQODUJHV\VWHPV$VSURPLVLQJDQGLPSUHVVLYHDVWKHVHV\QWKHVLVUHVXOWVKDYHEHHQWKH\LJQRUHLVVXHVRI6
GHVSLWH DGPLWWLQJ GLVWULEXWHG LPSOHPHQWDWLRQV WKH\ DUH LQ IDFW MXVW DV FRVWO\ FRPSXWDWLRQDOO\ DV WKHLU FHQWUDOL]HG
FRXQWHUSDUWVDQGDUHRIWHQPRUHGLIILFXOWWRLPSOHPHQW7RWKDWHQGWKLVSDSHUSUHVHQWVDQRYHOFRQWURODUFKLWHFWXUH
WKDWLVFHQWHUHGDURXQGWKHQRWLRQRIlocalityLQWKHFORVHGORRSEHKDYLRURIWKHV\VWHPDQGVKRZVWKDWWKLVFKDQJHLQ
DUFKLWHFWXUHGUDPDWLFDOO\LQFUHDVHV6$OWKRXJKWKHRU\LVVWLOOEHLQJGHYHORSHGWKURXJKWKHXVHRIDSRZHULQVSLUHG
FDVHVWXG\ZHZLOOVKRZWKDWWKLVDUFKLWHFWXUHKDVWKHDGGLWLRQDOLPSRUWDQWEHQHILWRISRVLWLYHO\LQIOXHQFLQJ5$DQG
9DOOWKHZKLOHPDLQWDLQLQJDKLJKOHYHORI(:HWDNHWKLVWRLQGLFDWHWKDWRXUQHZDUFKLWHFWXUHPD\LQIDFWEHD
VWHSFORVHUWRDFKLHYLQJDKROLVWLFSHUIRUPDQFHWKDWLVQHDUWKHERXQGDU\RIZKDWLVIXQGDPHQWDOO\DFKLHYDEOH
7KLVSDSHULVRUJDQL]HGDVIROORZV,Q6HFWLRQZHSUHVHQWDPLQLPDOFDVHVWXG\EDVHGRQEDODQFLQJDQLQYHUWHG
SHQGXOXPRQDSHUVRQ¶VKDQG7KLVVLPSOHH[DPSOHLOOXVWUDWHVKDUGWUDGHRIIVEHWZHHQUREXVWQHVVDQGHIILFLHQF\DQG
IRUPDOL]HVWKHLQWXLWLYHLGHDWKDWGHOD\VLQFRPPXQLFDWLRQDQGFRPSXWDWLRQFDQKXUWRYHUDOOSHUIRUPDQFH6HFWLRQ
WKHQ VKLIWV WR WKH GLVWULEXWHG VHWWLQJ DQG FRQVLGHUV QRW RQO\( DQG5 EXW 6$ DQG9 DVZHOO  ,Q SDUWLFXODUZH
LQWURGXFH RXU QRYHO localized FRQWURO DUFKLWHFWXUH DQG LOOXVWUDWH LWV HIILFDF\ WKURXJK DQ /& LQGXFWRUFDSDFLWRU
FLUFXLWFDVHVWXG\:HVKRZWKDWLWLVDEOHWRDFKLHYHWKHVDPH(DQG5SURILOHDVDcentralizedLHQRQ6$RU9
VFKHPHDOO WKHZKLOHGUDPDWLFDOO\ LQFUHDVLQJ6DQGLPSURYLQJ$DQG9 6HFWLRQZLOOHQGZLWKDGLVFXVVLRQRI
IXWXUHZRUNDQGDVXPPDU\RIRXUPDLQSRLQWV
$VLPSOHFDVHVWXG\
%DODQFLQJ DQ LQYHUWHGSHQGXOXPRQDSHUVRQ¶VKDQG )LJ  LOOXVWUDWHV IXQGDPHQWDO OLPLWV WKDW FRQVWUDLQZKDW
UREXVWHIILFLHQF\LVDFKLHYDEOHLQ&36GHVLJQVindependentRIWKHFKRLFHRIFRQWUROOHU7KHPRVWHVVHQWLDOLVVXHVRI
WKLVSUREOHPFDQEHLOOXVWUDWHGH[SHULPHQWDOO\E\YDU\LQJWZRSDUDPHWHUVWKHOHQJWKl RIWKHLQYHUWHGSHQGXOXPRU
URGDVPHDVXUHGIURPWKHERWWRPWLSWRWKHFHQWHURIPDVV&R0DQGWKHSRLQWqZKHUHWKHSHUVRQORRNVDWWKHURG
([SHULPHQWDOO\LWLVREVHUYHGWKDWIRUPRVWKHDOWK\DGXOWVLWLVGLIILFXOWWREDODQFHDVKRUWHUURGZKLOHORRNLQJDWLWV
WRSHQGDQGHYHQPRUHGLIILFXOWWREDODQFHDURGRIPRGHUDWHOHQJWKE\ORRNLQJDWLWVFHQWHUSRLQW,QWKLVVHFWLRQ
ZH GHPRQVWUDWH KRZ WKHVH DSSDUHQWO\ FU\SWLF H[SHULPHQWDO UHVXOWV FDQ EH H[SODLQHG XVLQJ VWDQGDUG VHQVRULPRWRU
FRQWUROFRQFHSWVEDVLFDQDWRP\DQGHOHPHQWDU\XQGHUJUDGXDWHPDWKDOOODUJHO\LQGHSHQGHQWRIWKHKLJKO\FRPSOH[
XQGHUO\LQJQHXUDOGHWDLOVWKDWDUHVWLOOSRRUO\XQGHUVWRRG



)LJ$VFKHPDWLFRIEDODQFLQJDQLQYHUWHGSHQGXOXPRQRQH
VSDOP
,QWKLVVHFWLRQZHLOOXVWUDWHHVVHQWLDOIHDWXUHVRI&36LQDQLQWXLWLYHPDQQHUQDPHO\WKDWSK\VLFDOHIILFLHQF\DQG
WRWDO &36 UREXVWQHVV KDYH KDUG WUDGHRIIV DQG ERWK HIILFLHQF\ DQG GHOD\V LQ WKH F\EHU FRPSRQHQWV QHFHVVDULO\
DJJUDYDWHDFKLHYDEOH&36UREXVWQHVV2QHIDPLOLDUDQGXQLYHUVDOIHDWXUHRIUHDO&36LVWKDWLPSURYLQJHIILFLHQF\LQ
q 
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WHUPVRIPLQLPL]LQJERWKWKHFRQVXPSWLRQDQGZDVWHRIPDWHULDOHQHUJ\DQGRWKHUUHVRXUFHVLQHYLWDEO\UHGXFHVWKH
LQWULQVLFVWDELOLW\RIWKHV\VWHP0RGHUQDLUSODQHVURFNHWVFRPPXQLFDWLRQQHWZRUNVVXSSO\FKDLQVDQGWKHIXWXUH
VPDUWJULGIRUH[DPSOHZLOODOOFUDVKZLWKRXWDXWRPDWLFFRQWUROV\VWHPV 3UHFLVHO\ZKDWFRVWVLQLQFUHDVHGFUDVK
IUDJLOLW\ DUH LQFXUUHG IRU LPSURYLQJ HIILFLHQF\ LVZKDWRXUZRUN VHHNV WRXQGHUVWDQG± LQ WKH FDVHRI DQ LQYHUWHG
SHQGXOXPWKHDQVZHULVERWKHOHJDQWDQGLQWXLWLYH
2.1. A simple model 
7KHVWDQGDUGXQGHUJUDGXDWHPRGHORIDGLPHQVLRQDOLQYHUWHGSHQGXOXPRQDPRYLQJFDUWLVJLYHQE\


   (0)
 
ZKHUH x LV WKH SRVLWLRQ RI WKH FDUW y LV WKH SRVLWLRQPHDVXUHPHQW XVLQJ WKH H\H z LV WKH GLVSODFHPHQW IURP WKH
SRVLWLRQRI LQWHUHVW DQGn LV WKH VHQVRUQRLVHM LV WKHPDVVRI WKHFDUWm LV WKHPDVVRI WKHSHQGXOXPg LV WKH
JUDYLWDWLRQDODFFHOHUDWLRQFRQVWDQW DQG l DQGq DUH WKH&R0DQGPHDVXUHPHQWKHLJKWV UHVSHFWLYHO\ 7KHFRQWURO
REMHFWLYHLVWRPDLQWDLQWKHDEVROXWHYDOXHRIzDVVPDOODVSRVVLEOHDVLWFRUUHVSRQGVWRKRZIDUWKHSHQGXOXPKDV
GULIWHGDZD\IURPWKHGHVLUHGHTXLOLEULXP
7RVWXG\ORFDOVWDELOLW\ZHOLQHDUL]HWKHVHWRIHTXDWLRQVDQGDSSO\D/DSODFHWUDQVIRUPWKHUHVXOWLQJVHWRI
HTXDWLRQVLVVKRZQLQ7DEOH
7DEOH/LQHDUL]HGWLPHDQGIUHTXHQF\GRPDLQPRGHO
/LQHDUL]HG0RGHO /DSODFHWUDQVIRUP
 

ZKHUH DQGWKHWRSERWWRPVLJQLQ FRUUHVSRQGVWROLQHDUL]DWLRQDURXQGWKHXS
GRZQHTXLOLEULDSRVLWLRQV7KHSROHVDQG]HURVRIWKHRSHQORRSSODQWDUHVXPPDUL]HGLQ7DEOH

7DEOH3ROHVDQG]HURVRIDQLQYHUWHGSHQGXOXPRQDPRYLQJFDUW
3RVLWLRQV 3ROHV =HURV
8SULJKW
 LIq>l,      QRQHLIq=l,     LIq<l 
'RZQZDUG
 LIq>l,      QRQHLIq=l,      LIq<l 

7KHVHZHOONQRZQODZVVD\QRWKLQJDERXWOLPLWVRIUREXVWQHVVDQGHIILFLHQF\KRZWKH\LQWHUDFWRUKRZWKH\DUH
DIIHFWHG E\ V\VWHP SDUDPHWHUV  $Q DGGLWLRQDO ³ODZ´ NQRZQ WR FRQWURO WKHRULVWV DV %RGH¶V LQWHJUDO IRUPXOD LV
QHHGHGWRVWXG\WKHVHUHODWLRQVKLSV7KLVIRUPXODSURYLGHVERXQGVIRUWKHWRWDODPSOLILFDWLRQRIQRLVHLQDV\VWHP
UHJDUGOHVVRIZKDWFRQWUROOHULVXVHG±LQWKLVZD\LWFDQSURYLGHLQVLJKWLQWRfundamental limitsRIUREXVWQHVVDQG
SHUIRUPDQFH)RUWKLVH[DPSOHLQWKHXSZDUGSRVLWLRQWKHLQWHJUDOIRUPXODPD\EHERXQGHGDVIROORZV
r
M  mg
Ml ri
g
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  
ZKHUH LVWKHWUDQVIHUIXQFWLRQIURPPHDVXUHPHQWQRLVHnWRWKHRXWSXWz DQG DUHWKH
XQVWDEOH SROH DQG QRQPLQLPXP SKDVH ]HUR UHVSHFWLYHO\ DQG Ĳ LV WKH WRWDO GHOD\ LQ WKH FRQWURO V\VWHP IURP
PHDVXUHPHQW WRDFWXDWLRQ$VDQHJDWLYHYDOXHRIȁܶሺ݆ݓሻȁLQGLFDWHVUREXVWQHVV WKLV LQWHJUDOSODFHVDKDUGORZHU
ERXQGRQ WKHQHWDFKLHYDEOH IUDJLOLW\RIDFRQWURO V\VWHP LQ WKHSUHVHQFHRIPHDVXUHPHQWQRLVH)LJXUHGHSLFWV
JUDSKLFDOO\WKHHIIHFWVRIULJKWKDQGSODQHSROHV]HURVDQGGHOD\VRQWKH%RGHLQWHJUDO$UHDVRIORZVHQVLWLYLW\DUH
QHJDWLYH EXWPXVW EH EDODQFHGE\ WKHSRVLWLYH UHJLRQZKHUH WKHUH LV LQFUHDVHG IUDJLOLW\7KHSUHVHQFHRI GHOD\V
XQVWDEOHSROHVDQGQRQPLQLPXPSKDVH]HURVRQO\LQFUHDVHWKHSRVLWLYHEDODQFHWKDWLVUHTXLUHG


)LJ$QLOOXVWUDWLRQRIWKH%RGHLQWHJUDOIRUPXODDQGKRZULJKWKDQGSODQHSROHV]HURVDQGGHOD\VDIIHFWLW
:LWKWKLVH[SUHVVLRQZHFDQDQDO\WLFDOO\H[SORUHWKHLPSDFWRIWKHSDUDPHWHUVl, q DQGĲRQWKHLQWULQVLFIUDJLOLW\RI
WKHUHVXOWLQJV\VWHPLQGHSHQGHQWRI WKHFRQWUROOHUXVHG (i) There exists a fundamental tradeoff between R and E
&RPSDULQJWKHGLIILFXOW\RIEDODQFLQJDORQJRUVKRUWSHQGXOXPLWLVHDVLO\VHHQWKDWDVKRUWHUSHQGXOXPLVKDUGHUWR
EDODQFH WKDQ D ORQJHU RQH 1RWLFH WKDW IRU DQ\ QRQ]HUR GHOD\ WKH LQWULQVLF IUDJLOLW\ LQFUHDVHVZLWK ODUJHUp RU
DOWHUQDWLYHO\ZLWKVPDOOHU l. $OWKRXJKKLJKO\VSHFLDOL]HG WKLVFRQFHSWH[WHQGV WRPRUHJHQHUDOV\VWHPVDQGDQ\
&36ZRXOGIDFHVLPLODUWUDGHRIIVZLWKDEVROXWHOHYHOVGHWHUPLQHGE\WKHGHJUHHRILQVWDELOLW\DVPHDVXUHGE\WKH
PDJQLWXGHRIXQVWDEOHSROHVRIWKHV\VWHPVHQVRUQRLVHDQGFRQWUROOHUGHOD\; (ii) Sensing location matters$VWKH
H\H¶V SRLQW RI IRFXV LV PRYHG IURP WKH WLS RI WKH SHQGXOXP WR D ORZHU SRLQW DORQJ WKH SHQGXOXP WKH WDVN RI
EDODQFLQJWKHLQYHUWHGURGEHFRPHVPRUHDQGPRUHGLIILFXOW7KHRUHWLFDOO\WKLVPDQLIHVWVLQWKHSRVLWLRQRIWKH]HUR
PRYLQJ LQ IURP LQILQLW\ WRZDUGV WKH SROH DVq GHFUHDVHV  7KLV LQ WXUQ LQFUHDVHV WKH ERXQG DQG KHQFH IUDJLOLW\
LOOXVWUDWLQJWKHQHHGWRSURSHUO\SODFHVHQVRUVDQGWKURXJKDGXDODUJXPHQWDFWXDWRUVLQ&36V\VWHPV)RUWXQDWHO\
WKLV LVVXH FDQ XVXDOO\ EH HDVLO\ DGGUHVVHG WKURXJK SURSHU GHVLJQ; DQG (iii) Delays impact the robustness and 
efficiency tradeoff7KLV LVFOHDUO\PDQLIHVW LQ WKHORZHUERXQGDVĲp VHWVDEDVHOLQHIUDJLOLW\ :HZLOODUJXHWKDW
F\EHU GHOD\ LQ FRPPXQLFDWLRQ DQG FRPSXWLQJ FRPELQHG ZLWK F\EHUSK\VLFDO GHOD\ LQ VHQVLQJ DQG DFWXDWLRQ
VLPLODUO\SOD\VDODUJHUROHLQWKHDFKLHYDEOHSHUIRUPDQFHRI&36 
/RFDOL]HGGLVWULEXWHGRSWLPDOFRQWURO
7KH VHQVRULPRWRU EDODQFLQJ H[DPSOH LOOXVWUDWHV D XQLYHUVDO WUDGHRII EHWZHHQ UREXVWQHVV DQG HIILFLHQF\ ZLWK
FRPSXWDWLRQVDQGH[SHULPHQWVWKDWFDQEHGRQHIDLUO\HDVLO\(VVHQWLDOWRRXUIUDPHZRUNLVWKHDELOLW\IRUDSSURSULDWH
QRWLRQVRIUREXVWQHVVDQGHIILFLHQF\WREH³SOXJJHGLQ´DVDSSURSULDWH7KHPRVWVHYHUHWUDGHRIIVLQDGYDQFHG&36
ZLOODOZD\VLQYROYHUREXVWQHVVDQGHIILFLHQF\DQGRXUDLPLQWKLVVHFWLRQLVWRVKRZWKDWWKURXJKWKHFKRLFHRIDQ
DSSURSULDWHDUFKLWHFWXUHDGDSWDWLRQYHULILFDWLRQDQGVFDODELOLW\DUHQRORQJHUDVGLIILFXOWWRRSWLPL]H

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:HZLOOH[SORUHDVLPSOHH[DPSOHWKDWLOOXVWUDWHVZKDWZHH[SHFWWRKDSSHQDVZHSXVKHYHUFORVHUWRDFKLHYDEOH
OLPLWVLQWKLVWUDGHRIIVSDFHDQGKRZDQHZDUFKLWHFWXUDODSSURDFKWRVFDODELOLW\KDVWKHSRWHQWLDOWRDOORZDOORWKHU
GLPHQVLRQVWREHRSWLPL]HGLQDVFDODEOHPDQQHUDVZHOO
3.1. Control architecture 
2XUVWUDWHJ\LVEDVHGRQWKHLQWXLWLYHLGHDWKDWLIDF\EHUQHWZRUN¶VFRPPXQLFDWLRQLVIDVWHUWKDQWKHVSHHGZLWK
ZKLFKWKHHIIHFWRIDGLVWXUEDQFHSURSDJDWHVWKURXJKWKHSK\VLFDOOD\HURIWKHSODQWWKHQWKHGLVWXUEDQFH¶VHIIHFWFDQ
EHlocalized7RDFKLHYHWKLVZHSURSRVHDUHFHGLQJKRUL]RQOLNHFRQWUROVFKHPHLQZKLFKDWHDFKWLPHVWHSHYHU\
FRQWUROOHULFROOHFWVHVWLPDWHGGLVWXUEDQFHVIURPDVXEVHWRILWVQHLJKERUVLLPHDVXUHVLWVRZQVWDWHLLL
FRPSXWHVLWVRZQHVWLPDWHGGLVWXUEDQFHDQGEURDGFDVWVLWRXWWRDVXEVHWRILWVQHLJKERUVDQGLYFRPSXWHVD
UHIHUHQFHWUDMHFWRU\DQGFRQWUROVWUDWHJ\EDVHGRQLWVFROOHFWLRQRIHVWLPDWHGGLVWXUEDQFHVWRORFDOL]HWKHHIIHFWRILWV
QHLJKERUV¶GLVWXUEDQFHVDVZHOODVLWVRZQ7KLVJHQHUDOVWUDWHJ\DVLPSOHPHQWHGDWDVLQJOHFRQWUROOHULV
LOOXVWUDWHGLQ)LJ

)LJ6SDFHWLPHFRQHLQWHUSUHWDWLRQRISURSRVHGFRQWUROVWUDWHJ\
(DFKFRQWUROOHUFDQEHVHHQDVSRVVHVVLQJDSDVWDQGIXWXUH³VSDFHWLPH´FRQH7KHSDVWFRQHUHSUHVHQWVWKHSDVW
LQIRUPDWLRQWKDWLWPXVWFROOHFWIURPLWVQHLJKERUVLQRUGHUWRGLVFHUQZKDWLWVORFDOGLVWXUEDQFHLV7KHIXWXUHFRQH
UHSUHVHQWVWKRVHQHLJKERULQJFRQWUROOHUVWKDWQHHGWKHORFDOFRQWUROOHU¶VGLVWXUEDQFHHVWLPDWHLQRUGHUWRGLVFHUQWKHLU
RZQ  7KHVH VSDFHWLPH FRQHV DUH FKDUDFWHUL]HG E\ WKUHH SDUDPHWHUV  WKHLU OHQJWK LQ WLPHT  WKHLU VSDWLDO
UDGLXVdDQGWKHLUVORSHSZKLFKLVOLPLWHGE\FRPPXQLFDWLRQVSHHG7KHHQGUHVXOWRIWKLVVWUDWHJ\LVWKDWWKH
HIIHFWRIWKHORFDOGLVWXUEDQFHGRHVQRWHVFDSHWKHIXWXUHVSDFHWLPHFRQH
:HQRWHWKDWWKHORFDOFRPSXWDWLRQRIFRQWUROVWUDWHJLHVDQGUHIHUHQFHWUDMHFWRULHVFDQEHIRUPXODWHGDVDFRQYH[
RSWLPL]DWLRQSURJUDPWKDWGHSHQGVRQO\RQDORFDOVXEVHWRIWKHV\VWHPPRGHOWKHGHWDLOVRIZKLFKZHRPLWIRUWKH
VDNHRIEUHYLW\$VZLOOEHLOOXVWUDWHGLQWKHIROORZLQJFDVHVWXG\ERWKWKHUDGLXVdDQGWKHOHQJWKTRIWKHVHVSDFH
WLPHFRQHVFDQEHYDULHGDQGWKHVHYDULDWLRQVOHDGWRWUDGHRIIVEHWZHHQORFDOLW\LHVFDODELOLW\DQGSHUIRUPDQFH
3.2. LC circuit case-study 
&RQVLGHUDQ/&FLUFXLWQHWZRUNDVLOOXVWUDWHGLQ)LJ6XFKDFLUFXLWFDQEHJHQHUDWHGIURPDQXQGLUHFWHGJUDSK
E\DVVLJQLQJJURXQGFDSDFLWDQFHVWRHDFKQRGHDQGDQLQGXFWDQFHWRHDFKHGJH,WLVDUJXDEO\WKHVLPSOHVWDQGPRVW
IDPLOLDUH[DPSOHRIQHWZRUNG\QDPLFV

)LJ$QRGHH[DPSOHRIDQ/&FLUFXLW
:HVHWDOOLQGXFWDQFHVDQGFDSDFLWDQFHVWRXQLW\DQGGHULYHWKHG\QDPLFVRIWKHFLUFXLWWKURXJKDVWUDLJKWIRUZDUG
DSSOLFDWLRQRI.LUFKKRII¶VODZV
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  
ZKHUHv DQG i DUH VWDFNHGYHFWRUVRIQRGHYROWDJHVDQG OLQNFXUUHQWV UHVSHFWLYHO\DQGM LV WKH LQFLGHQFHPDWUL[
GHVFULELQJWKHJUDSK7ROLJKWHQQRWDWLRQDOEXUGHQZHGHQRWHWKHIXOOVWDWHRIWKHV\VWHPVWDFNHGYHFWRURIYROWDJHV
andFXUUHQWVE\x:HGLVFUHWL]HYLDDILUVWRUGHUDSSUR[LPDWLRQZLWKDVDPSOLQJWLPHRIVUHVXOWLQJLQWKH
GLVFUHWHWLPHG\QDPLFV
  
$VWKLVLVDILUVWRUGHUDSSUR[LPDWLRQLWOHDGVWRDQDUWLILFLDOO\XQVWDEOHSODQWDOWKRXJKWKLVLVV\PSWRPDWLFRIRXU
GLVFUHWL]DWLRQ LW RIIHUV D FRQYHQLHQW RSSRUWXQLW\ WR LOOXVWUDWH WKH FKDOOHQJH RI XQVWDEOH QHWZRUNV D JURZLQJ
DSSOLFDWLRQDUHD )RU WKLVFDVHVWXG\ZHXVHDQRGH/&FLUFXLWDUUDQJHG LQDFKDLQ WRSRORJ\WKLV WRSRORJ\ LV
LOOXVWUDWHGLQ)LJIRUWKHQRGHFDVH
:HFRQVLGHUDFWXDWRUVORFDWHGRQQRGHVLQFRQMXQFWLRQZLWKOLQNVWKDWDUHFDSDEOHRIFKDQJLQJWKHORFDOYROWDJH
DQGFXUUHQWYDOXHV:HGHILQHDFWXDWRUGHQVLW\E\WKHUDWLRRIWKHQXPEHURIDFWXDWRUVWRWKHQXPEHURIVWDWHVDQG
IRUDSUHVFULEHGGHQVLW\ZHDVVXPHDFWXDWRUV WREHXQLIRUPO\GLVWULEXWHG ,QSDUWLFXODUZHIL[ WKHGHQVLW\DW
:LWKWKHVHFRQWUROLQSXWVDWRXUGLVSRVDOZHPD\QRZZULWHWKHIXOOV\VWHPG\QDPLFVDV
  
ZKHUHB LV DPDWUL[ RI¶V DQG¶VZLWK VSDUVLW\ FKDUDFWHUL]HGE\ WKH DFWXDWRU ORFDWLRQV DQGw LV DQ H[RJHQRXV
GLVWXUEDQFHWKDWZHZLVKWRVXSSUHVV
$VDOOXGHGWRHDUOLHUZKHQGHVLJQLQJDFRQWUROOHU WUDGHRIIVZLOOH[LVWFKDUDFWHUL]HGLQ WHUPVRIHIILFLHQF\DQG
ORFDOLW\ ,Q WKLVSDUWLFXODUFDVHVWXG\ZHZLOO LQYHVWLJDWHKRZWKHIROORZLQJSHUIRUPDQFHPHWULFV WUDGHRIIDJDLQVW
HDFK RWKHU  HIILFLHQF\ DV PHDVXUHG LQ WHUPV RI VWDWH GHYLDWLRQ DQG FRQWURO HIIRUW  FRPPXQLFDWLRQ
VSHHGFRPSOH[LW\ORFDOLW\FKDUDFWHUL]HGLQWHUPVRIT DQGdDQGIOH[LELOLW\DGDSWDELOLW\
'HFHQWUDOL]HGFRQWUROFRQFHUQVLWVHOIVROHO\ZLWKFULWHULDDQRIWHQXVHGDQGZHOOVWXGLHGPHWULFWKDWDOORZV
IRUDSULQFLSOHGWUDGHRIIEHWZHHQVWDWHGHYLDWLRQDQGFRQWUROHIIRUWLVWKHVRFDOOHG/4*FRVW,QRUGHUWRSURYLGHD
FRPSDULVRQZLWKFODVVLFDOUHVXOWVZHZLOOPHDVXUHFRQWUROSHUIRUPDQFHZLWKUHVSHFWWRWKHFRVW DOWKRXJK
RXUPHWKRGFDQEHXVHGZLWKDQ\FRQYH[REMHFWLYH:HQRZH[SORUHVRPHRIWKHVHWUDGHRIIVLQPRUHGHWDLO
&RPPXQLFDWLRQ VSHHG LQRUGHU WR LOOXVWUDWH WKH WUDGHRIIEHWZHHQFRPPXQLFDWLRQVSHHGDQGSHUIRUPDQFHZH
FRQVLGHU D GHOD\HG FHQWUDOL]HG DQG GLVWULEXWHG RSWLPDO FRQWUROOHU  ,Q WKH IRUPHU VFKHPH DOO PHDVXUHPHQWV DUH
WUDQVPLWWHG WR D FHQWUDO FRPSXWHU WKDW FRPSXWHVRSWLPDO FRQWURO DFWLRQV DQG WKHQEURDGFDVWV WKHVH DFWLRQV WR WKH
DFWXDWRUVVXEMHFWWRFRPPXQLFDWLRQGHOD\V,QWKHGLVWULEXWHGVFKHPHDFWLRQLVWDNHQLPPHGLDWHO\EDVHGRQORFDOO\
DYDLODEOHLQIRUPDWLRQDQGGHOD\HGJOREDOLQIRUPDWLRQ7KHSHUIRUPDQFHRIWKHVHWZRVFKHPHVLVFRPSDUHGLQ)LJ
LW EHFRPHV FOHDU WKDW RQO\ IRU XQUHDOLVWLFDOO\ IDVW FRPPXQLFDWLRQ GRHV WKH QDwYH GHOD\HG LPSOHPHQWDWLRQ¶V
SHUIRUPDQFHFRPSDUHWRWKHGLVWULEXWHGRQH
+RZHYHUWKLVSHUIRUPDQFHFRPHVDWDFRVWHDFKORFDOFRQWUROOHUPXVWPDLQWDLQHVWLPDWHVRIWKHfullVWDWHRIWKH
V\VWHPPDNLQJLWGLIILFXOWWRDSSO\WRODUJHV\VWHPV,WEHFRPHVDSSDUHQWWKDWVFDODELOLW\LVQRZDFULWLFDOSLHFHRI
WKHSX]]OH±ZHQRZH[DPLQHWKHSHUIRUPDQFHRIRXUQRYHOFRQWURODUFKLWHFWXUHDQGLQSDUWLFXODULQYHVWLJDWHKRZ
ORFDOLW\DIIHFWVRWKHUSHUIRUPDQFHPHWULFV
6SDFHWLPHFRQHVZHEHJLQE\GLVFXVVLQJWKHPHULWVRIVPDOOIXWXUHVSDFHWLPHFRQHVDQDORJRXVDUJXPHQWVFDQ
EHPDGHIRUSDVWFRQHV$VPDOOVSDFHWLPHFRQHLPSOLHVlocalityRIFRQWURODQGFRRUGLQDWLRQHDFKFRQWUROOHURQO\
QHHGVWRFRPPXQLFDWHZLWKQRGHVZLWKLQDVPDOOGLVWDQFHRILWVHOIDQGFRQVHTXHQWO\RQO\QHHGVWRPDLQWDLQDPRGHO
RIWKHFRUUHVSRQGLQJORFDOVXEVHWRIWKHSODQW)XUWKHUPRUHORFDOLW\H[WHQGVWRFRQWUROGHVLJQDOORZLQJFKDQJHVWR
EHPDGHZLWKRXWKDYLQJWRUHGHVLJQWKHHQWLUHFRQWURODUFKLWHFWXUH
2IFRXUVHDVLVWKHWKHPHRIWKLVSDSHUVXFKJDLQVLQYDULDEO\FRPHDWDFRVWDVWKHUHLVDODFNRIFRRUGLQDWLRQ
EHWZHHQQHLJKERUVLQGHVLJQLQJFRQWURODFWLRQVHIILFLHQF\PD\GHJUDGH$GGLWLRQDOO\GULYLQJDVWDWHWR]HURLQD
VKRUW WLPH PD\ FRPH DW WKH H[SHQVH RI ODUJHU WUDQVLHQWV RQFH DJDLQ GHJUDGLQJ HIILFLHQF\  2XU H[SHULPHQWV
KRZHYHUVHHPWRLQGLFDWHWKDWWKHUHH[LVWIDYRXUDEOHdDQGTVXFKWKDWWKHVHQHJDWLYHHIIHFWVDUHPLWLJDWHGDOOWKH
ZKLOHPDLQWDLQLQJORFDOLW\)RURXUFDVHVWXG\d DQGT=29OHGWRDFFHSWDEOH/4*SHUIRUPDQFHDQGDUHWKHUHIRUH
XVHGIRUFRPSDULVRQZLWKRWKHUFRQWUROVFKHPHVVHH)LJ
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 
)LJ&RPPXQLFDWLRQVSHHGYVHIILFLHQF\IRUYDULRXVFRQWUROVFKHPHV7KHULJKWILJXUHLVDFORVHUORRNDWWKHUHGDQGJUHHQFXUYHIURPWKHOHIW
,QRUGHUWRLOOXVWUDWHWKHODFNRIORFDOLW\RIWKHGLIIHUHQWFRQWUROVFKHPHVZHSORWWKHVSDFHWLPHHYROXWLRQRID
VLQJOHGLVWXUEDQFHKLWWLQJWKHPLGGOHOLQNLQ7DEOH,QSDUWLFXODUZHVHHDFRQFUHWHUHDOL]DWLRQRIIXWXUHVSDFHWLPH
FRQHV±QRWLFHWKDWRQO\WKHORFDOL]HGVFKHPHKDVILQLWHFRQHVLQERWKVSDFHDQGWLPH
6XPPDU\LQ7DEOHZHVXPPDUL]HWKHUHVXOWVRXUH[SHULPHQWV$VFDQEHVHHQRXUORFDOL]HGFRQWUROVFKHPH
FDQDFKLHYH VLPLODUSHUIRUPDQFH WR WKDWRI WKHFHQWUDOL]HGFRQWUROOHUEXW FDQEHFRPSXWHGDQG LPSOHPHQWHG LQD
UHDOLVWLFVLPSOHDQGscalablePDQQHU

7DEOH3ROHV/RJPDJQLWXGHSORWVRIVWDWHGHYLDWLRQDQGFRQWUROHIIRUWIRUDJLYHQGLVWXUEDQFH7KHKRUL]RQWDOD[LVLVWLPHWKHYHUWLFDO
VSDFHDQGWKHOHJHQGLQGLFDWHVPDJQLWXGH
 &HQWUDOL]HG 'HOD\HG&HQWUDOL]HG 'HFHQWUDOL]HG /RFDOL]HG
6WDWH
GHYLDWLRQ









&RQWURO
HIIRUW










7DEOH$FRPSDULVRQEHWZHHQGLIIHUHQWFRQWUROVFKHPHV
 &HQWUDOL]HG 'HOD\HG&HQWUDOL]HG 'HFHQWUDOL]HG /RFDOL]HG
&RPPXQLFDWLRQVSHHG  [ [ [
&RQHOHQJWKT    
&RQHUDGLXVd 0D[LPDO 0D[LPDO 0D[LPDO 
1RUPDOL]HG/4*FRVW    

'LVFXVVLRQDQGVXPPDU\
4.1. Perturbations, and the benefits of locality 
2XUFRQWURODUFKLWHFWXUHDVSUHVHQWHGLVLQWULQVLFDOO\UREXVWWRG\QDPLFGLVWXUEDQFHVVXFKDVSURFHVVQRLVH±WKLV
LVZKDWHDFKORFDOFRQWUROGHVLJQLVDLPHGDWRSWLPL]LQJ+RZHYHUE\YLUWXHRIORFDOL]LQJWKHHIIHFWRIGLVWXUEDQFHV
SURSDJDWLQJWKHV\VWHPDVDZKROHLQKHULWVVRPHDVWRQLVKLQJUREXVWQHVVSURSHUWLHVWRXQPRGHOHGGLVWXUEDQFHVVXFK
DVDFWXDWRURUVHQVRUIDLOXUHV6D\IRUH[DPSOHWKDWDQDFWXDWRUJRHVRIIOLQH±LQDW\SLFDOGHFHQWUDOL]HGVHWWLQJWKH
HQWLUHFRQWUROV\VWHPZRXOGKDYHWREHUHGHVLJQHGWRWDNHWKLVIDFWLQWRDFFRXQW7KLVLVQRWVRLQRXUDUFKLWHFWXUH
E\VLPSO\ LQFUHDVLQJ WKHVSDFHWLPHFRQHRIQHLJKERULQJFRQWUROOHUVD ORFDOL]HGUHGHVLJQFDQEHGRQH LQRUGHU WR
DGDSWWRWKHFRQWUROOHUIDLOXUH

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+RZHYHUWKHPHWKRGSURSRVHGPDNHVVHYHUDODVVXPSWLRQVWKDWDUHQRWUHDOLVWLFDQGIXWXUHZRUNZLOOEHDLPHGDW
UHOD[LQJWKHP7KHILUVWRIWKHVHLVWKDWVWDWHVDUHPHDVXUHGSHUIHFWO\DQGWKDWDFWXDWLRQFDQEHGHOLYHUHGWRDUELWUDU\
SUHFLVLRQWKHVHDUHQHFHVVDU\UHTXLUHPHQWVIRUSHUIHFWORFDOL]DWLRQRIDGLVWXUEDQFH¶VHIIHFWV,QUHDOLW\VHQVRUVDQG
DFWXDWRUV DUH QRLV\ DQG GLVWXUEDQFHV ZLOO ³OHDN´ DFURVV VSDFHWLPH ERXQGDULHV  )RUWXQDWHO\ WKHUH LV D ZHOO
GHYHORSHGEUDQFKRIFRQWUROWKHRU\QDPHO\UREXVWFRQWUROWKDWH[SOLFLWO\WDNHVLQWRDFFRXQWXQPRGHOHGG\QDPLFV
DQG LV DEOH WR SURYLGH VWDELOLW\ JXDUDQWHHV ± RXU QH[W VWHS ZLOO EH WR LQWHJUDWH WKHVH UHVXOWV ZLWK RXU FRQWURO
DUFKLWHFWXUH

)LQDOO\ZHZRXOGOLNHWRFRPPHQWRQWKHHIIHFWVRIORFDOGHVLJQRQJOREDOSHUIRUPDQFH,QWKHFDVHRIWKH/4*
QRUP WKDWZH FRQVLGHUHG DV D SHUIRUPDQFHPHWULF LQ WKLV SDSHU WKHUH LV QR ORVV LQ GHVLJQLQJ ORFDOO\ ± WKLV LV D
SURSHUW\ RI WKH QRUP ZKLFK DOORZV XV WR GHFRPSRVH WKH GHVLJQ SUREOHP LQWR D GLVWXUEDQFHE\GLVWXUEDQFH
RSWLPL]DWLRQ7KLVLVQRWWUXHLQJHQHUDOKRZHYHULQGXFHGQRUPVLHWKRVHWKDWPHDVXUHZRUVWFDVHUHVSRQVHVVXFK
DV+ GR QRW VKDUH WKLV SURSHUW\  )XWXUHZRUNZLOO DOVR H[SORUH LI DQG KRZ ORFDO FRRUGLQDWLRQGHVLJQ EHWZHHQ
FRQWUROOHUVSDUWLFXODUO\WKRVHWKDWIDOOZLWKLQWKHRYHUODSRIVHYHUDOVSDFHWLPHFRQHVFDQPLWLJDWHWKHHIIHFWVRIRXU
FXUUHQWP\RSLFGHVLJQSURFHVVXQGHUWKHVHSHUIRUPDQFHPHWULFV
4.2. Summary 
7KHVXEMHFWRIWKLVZRUNDQRYHO ORFDOL]LQJFRQWURODUFKLWHFWXUHUHSUHVHQWVDSURPLVLQJDYHQXHIRUFRQWLQXHG
UHVHDUFKLQWZRGRPDLQV3HUKDSVWKHOHVVREYLRXVRIWKHWZRLVLQWKHLQYHVWLJDWLRQRIWKHDUFKLWHFWXUHRIELRORJLFDO
V\VWHPV6XFKV\VWHPVDUHWLJKWO\FRQVWUDLQHGE\WKHLUSK\VLFDOVXEVWUDWHVEXWKDYHQRQHWKHOHVVGHYHORSHGUREXVW
HIILFLHQWDQGIDXOWWROHUDQWFRQWUROV\VWHPV$VLJQLILFDQWFRQWULEXWLRQRIWKLVZRUNLVWKHDELOLW\WRXQGHUVWDQGWKH
WUDGHRIIVWKDWVXFKFRQVWUDLQHGV\VWHPVPXVWPDNHWKURXJKULJRURXVJHQHUDODQDO\VLV
7KHVHFRQGDYHQXHIRUDSSOLFDWLRQRIWKLVZRUNLVLQWKHV\VWHPDWLFFRQVWUXFWLRQRIGLVWULEXWHGFRQWUROV\VWHPV
:KLOH WKH WKHRU\ RI FHQWUDOL]HG FRQWURO V\VWHPV LV TXLWH DGYDQFHG DQG FDSDEOH WKDW RI GHFHQWUDOL]HG V\VWHPV LV
QDVFHQW 7KURXJK ORFDOL]DWLRQ WKH DQDO\VLV WDVN PD\ QRZ EH GLYLGHG EHWZHHQ ORFDOL]HG UHJLRQV JLYLQJ KRSH WR
REWDLQLQJERWKWKHRUHWLFDOKDUGERXQGVRQWKH(5$9DQG6VSDFHDVZHOODVWUDFWDEOHFRPSXWDWLRQDOPHDQVRI
DFKLHYLQJWKHVHERXQGVIRUV\VWHPVRISRWHQWLDOO\XQOLPLWHGVL]H
$VZHKRSH WKDWZHKDYH DOUHDG\ LOOXVWUDWHGE\ ORFDOL]LQJ WKH V\VWHP WKH FRQWURO VFKHPHQDWXUDOO\EHFRPHV
VFDODEOHUREXVWDQGDGDSWDEOHZLWKUHVSHFWWRGLVWDQWSHUWXUEDWLRQVDQGFKDQJHVDVZHOODVHDVLHUWRYHULI\DVWKLV
RQO\QHHGVWREHGRQHZLWKLQHDFKORFDOL]HGUHJLRQ$OWKRXJKWKLVLVRQO\WKHEHJLQQLQJRIULJRURXVDQDO\VLVRXU
QXPHULFDO H[SHULPHQWV VHHP WR LQGLFDWH WKDW WKHUHH[LVWVDQDSSURSULDWH OHYHORI ORFDOL]DWLRQ IRUZKLFK WUDGLWLRQDO
HIILFLHQF\UREXVWQHVVWUDGHRIIVDUHKDUGO\DIIHFWHGLIDWDOO
,W LV RI fundamental LPSRUWDQFH WR EH DEOH WR SURYLGH &36 GHVLJQHUV ZLWK SULQFLSOHG WRROV IRU XQGHUVWDQGLQJ
ZKHUHWKHWUDGHRIIVDQGKDUGOLPLWVOLHLQWKHPDVVLYHO\FRPSOH[GHVLJQVSDFHVRIWKHLUGRPDLQ:LWKDUFKLWHFWXUDO
DQGFRPSXWDWLRQDOWRROVJURXQGHGLQWKHRU\LWEHFRPHVSRVVLEOHWRXQGHUVWDQGWKHOLPLWVDUFKLWHFWVIDFHDQGLQGHHG
WRDFKLHYHWKHVHOLPLWV:HEHOLHYHWKDWWKHDUFKLWHFWXUHWKDWZHKDYHSURSRVHGLVDVWHSIRUZDUGEULQJLQJWKLVJRDO
VLJQLILFDQWO\FORVHUWRUHDOLW\

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